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Arbuscular mycorrhiza represents a ubiquitous nutritional sym-
biosis between the roots ofmost terrestrial plant species and fungi of
the subphylum Glomeromycotina (Spatafora et al., 2016).
Terrestrial habitats are unlikely to be limited in propagules of
arbuscular mycorrhizal fungi (AMF), because AMF propagule
densities build up fast in vegetated soil (e.g. Gould et al., 1996).We
start to appreciate, however, that shortages in AMF propagules are
common in some habitats, such as agricultural fields subject to
intensive farming (Schnoor et al., 2011; Manoharan et al., 2017).
Forest habitats in the temperate region might also be occasionally
AMF propagule limited (Veresoglou et al., 2017), but to the best of
our understanding this has not been shown with empirical data.
A particular feature of forest habitats is that twodifferent strata of
plants co-occur: the canopy consisting of woody plants and the
understory mainly consisting of herbaceous plants. The two strata
interact in various ways even though the underlying mechanisms
remain mostly unknown (Sutherland et al., 2013). Woody plants
through intercepting light and via exploitative competition could
alter germination and growth of herbaceous plants (Barbier et al.,
2008). However, it is unlikely that herbaceous plants can alter
significantly the fitness of mature woody plants, rendering their
interaction asymmetric. An underexplored factor in the way the
two strata influence each other is mycorrhiza: the minority (i.e.
coverage) of woody plants in Central European forests associating
with arbuscular mycorrhiza (AM) might facilitate the herbaceous
understory consisting mainly of AM plants.
In a recent study, Veresoglou et al. (2017) suggested that AM
woody species in a temperate forest facilitate the establishment of
AM herbaceous species of the understorey. AM woody species
might be seen as islands of AM propagules in a large archipelago of
non-AMF-associating trees which can support the AMF-associat-
ing ones (van der Heijden, 2004). The differences between stands
dominated with AMF-associating trees and those dominated with
woody plants that do not form AMF associations in Veresoglou
et al. (2017) were inferred from plant community data and there
have been no comparable studies assaying in situ AMF availability.
We here addressed this knowledge gap by testing if the abundance
of AMF is higher in stands with a higher cover of AMF-associating
woody species. For this purpose, we sampled roots of herbaceous
plants that were widespread in these stands and assayed the
proportion of roots colonized byAMF (term afterMcGonigle et al.,
1990).
The stands were located in unmanaged, continuous, temperate
European forests in northwestGermany (53.30°–53.66°N latitude
and 9.03°–9.49°E longitude, Supporting Information Table S1).
These are described in detail in Wulf (1992) and Naaf & Wulf
(2010) and were used in the study of Veresoglou et al. (2017). We
used vegetation records fromWulf (1992) and identified 13 of the
25 m 9 25 m plots (we here described them as stands; Notes S1)
so that the canopy of six of them was predominantly ectomycor-
rhizal-(ECM)-associating (low – below 7% relative cover of AMF-
associating woody plants) and seven stands with a mostly
AMF-associating canopy (high – above 49% relative cover of
AMF-associating woody plants) (Table S2). Based on the vegeta-
tion records we a priori identified eight AMF-associating herba-
ceous plants that were present in the stands (Notes S1): Ajuga
reptans, Allium ursinum, Brachypodium sylvaticum, Circaea
lutetiana, Geum urbanum, Pulmonaria obscura, Ranunculus
auricomus and Sanicula europaea. Between 28 and 31 May 2017,
we assayed roots of representatives of these plant species in as many
stands as possible.We excavated the whole root system of the plants
to a maximum depth of c. 15 cm. In total we obtained 48 root
samples from 13 stands to analyse. Six species were found in at least
three different stands; however, B. sylvaticum and S. europaea were
found exclusively in stands with a high AMF woody cover. We
immediately stored plant material in 70% ethanol and kept it at
4°C until further examination. Roots were stained in Trypan blue
(Gange et al., 1999) and assessed with the magnified intersection
method (McGonigle et al., 1990) (Notes S1).
To address whether arbuscular colonization (i.e. proportion of
root length containing arbuscules; McGonigle et al., 1990) was
higher in herbaceous plants in the stands with a high cover of AMF-
associating woody plants (vs low stands) we fitted a linear mixed
effects model (Notes S1). We repeated the analysis using per cent
hyphal colonization (i.e. proportion of root length containing
hyphae) of the roots as response variable (i.e. test whether hyphal
colonization was higher in the high stands) and we report on this in
Notes S2; here we use hyphal colonization to describe exclusively
AMF hyphae.
Αrbuscular colonizationwas higher at high stands (> 49%AMF-
associatingwoody-cover) compared to low (< 7%AMF-associating
woody-cover) stands (F1,27 = 6.75, P = 0.015; Fig. 1a; Fig. 1b for a
map; Notes S2). Conclusions did not change when we used hyphal
colonization as a response variable, instead (Figs S1, S2). Arbus-
cular colonization can be seen as a proxy of symbiotic exchange,
whereas hyphal colonization as a measure of mycorrhizal fungal
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biomass (Johnson et al., 2010; Lekberg et al., 2015), comprising
two complementary parameters of a mycorrhizal association.
Arbuscular and hyphal colonization varied from 0% to 72% and
from 0% to 87.5%, respectively (Figs S3, S4; Table S3). Excep-
tionally in roots of G. urbanum we found small differences in
arbuscular colonization across the two stand types (23% at low and
25% at high stands; respective means for hyphal colonization were
28% and 32%; Fig. 1a). The fitted random effect values for stands,
presenting proxies of overall AMF abundance per stand, also
correlated positively with the relative availability (i.e. cover) of AM
woody plants (r = 0.67, P = 0.01; Fig. 1c).
We here present empirical evidence that AMF root colonization
in herbaceous plants relates to AMwoody plant coverage in ECM-
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Fig. 1 (a) Arbuscular colonization in the eight target herbaceous plant species (boxplots). Jittered points present the statistics for the sampling standswith high
(green) or low (yellow) coverage of arbuscular mycorrhizal fungi (AMF)-associating woody plant and shrub species. Light coloured boxes originate from only
two observations and thus contain higher uncertainties. Model statistics can be found in Supporting Information Notes S2. (b) Map highlighting the
geographical positionof the stands (greenandyellowplus signsbetween53.3°–53.7°N latitudeand9.0°–9.5°E longitude) in relation tovillages (triangles) in the
sampling area. (c) Arbuscular colonization per stand in the form of the respective fitted coefficients (y-axis) plotted against the per cent cover of AMF-
associating woody plants and shrubs that were observed in each stand (green dots – high and yellow dots – low).
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of Veresoglou et al. (2017) which was carried out in the same study
region showing that there were fewer AMF-associating herbaceous
plants, and a lower richness of such plant species, in stands with
little cover of AMF-associating woody plants. Thereby we support
an existing hypothesis that despite their ubiquity, AMF can face
dispersal limitation and be present in some habitats at low densities
(Zobel & €Opik, 2014).
We presume that the differences in arbuscular colonization have
been due to the exclusion of certain AMF taxa from low in AMF-
associatingwoody cover stands.We did not assay AMF community
structure to test this assumption. Because all plant roots had
detectable arbuscular colonization in all stands, it is unlikely that
the absence of AMF propagules or nutrient availability-induced
changes in host physiology alone explained differences in arbus-
cular colonization. Geum urbanum, for example, responded only
weakly to stand type. Thismight be due to the fact thatG. urbanum
represents the only host plant that is not a forest specialist (Schmidt
et al., 2011) and therefore might associate with generalist AMF
species, likely with good dispersal properties. Mutualistic networks
between AMF and plants are known to be nested and asymmetric
(Chagnon et al., 2012). Because of a wider ecological niche,
generalist plant species should have the ability to associate with
many specialist AMF that could be found in ECM-dominated
stands (i.e. habitat generalists come across a wider array of
potentially compatible AMF partners) and this might explain the
relatively constant colonization inG. urbanum.The six other forest
specialist species might have a narrower range of AMF associates.
Even though it is woody plants that photosynthesize most in
temperate forests,herbaceousplants showthehighest speciesdiversity
and via contributing unique functional traits to the system, such as
palatable leaves high in nitrogen (N) content and fine roots, could be
of high ecological importance (Reiss et al., 2009).Herbaceous plants
might also interact with the woody canopy through various direct or
indirect ways (Gilliam, 2007). As an example, the AM understory
could cascade effects to numerous ecosystem processes in soil such as
N-mineralization, nitrification and decomposition. We think that
the higher litter quality of the AM-understory compared to the other
woody plants could be priming these ecosystem processes (Van der
Krift & Berendse, 2001; Veresoglou et al., 2011; Luo et al., 2016).
The link through AMF between strata presented here implies that
islands of AMF-associating trees or shrubs indirectly promote
herbaceous plant growth, health and diversity (Azcon-Aguilar &
Barea, 1996; van der Heijden et al., 1998) by increasing AMF
propagule availability. However, forest management practices are
almost exclusively targeting woody species often associating with
ECM. In conclusion, mixed stands containing AMF-associating
woodyplantsmayeffectivelypromotemulti-functionality andmulti-
diversity in temperate forests.
While root mycorrhizal fungal colonization is also controlled by
factors other than propagule availability (including host factors,
such as light, or soil factors such as nutrient availability), one
interpretation of our results is that herbaceous plants in temperate
forests do experience AMF propagule limitation. If this is true,
which should be tested in additional work, our study highlights
the need to better understand the efficiency of dispersal in
Glomeromycotina.
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